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um  300  word*, 


Monolithic  grains  of  JA2  were  fired  in  a  30-mm  solid  propellant  electrothermal-chemical  (SPETC)  gun  and  were 
recovered  after  self-  extinguishing  because  of  depressurization.  A  morphological  investigation  was  performed  on  these 
grains  to  gain  insight  into  the  interaction  between  the  plasma  and  the  propellant. 

Scanning  electron  microscopy  (SEM)  was  used  to  characterize  the  morphology  of  the  combustion  surface  and  bulk  of  the 
propellant.  Results  show  that  the  propellant  burning  surface  was  pitted  and  showed  evidence  of  both  brittle  fracture  and 
plastic  flow.  These  features  were  the  results  of  rapid  pressurization  within  the  single  perforated  grain  caused  by  the  plasma 
injection  and  the  subsequent  burning.  Regions  within  the  propellant  showed  evidence  of  augmented  mass  generation  when 
computed  with  conventional  propellant  combustion.  Mechanisms  causing  this  accelerated  burning  are  conjectured;  they 
included  erosive  burning,  fracture-generated  tunneling,  and  in-depth  burning.  Micrographs  are  presented  to  support  these 
findings  and  proposals  are  made  to  exploit  these  enhanced  burning  processes. 
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1.  INTRODUCTION 


One  of  the  hopes  of  the  solid  propellant  electrothermal-chemical  (SPETC)  propulsion  concept 
is  to  regulate  the  mass  generation  within  the  gun  by  using  a  plasma  to  control  the  generation  of  surface 
area  and  to  augment  the  burning  of  the  solid  propellant  charge.  Investigation  of  the  morphology  of 
extinguished  surfaces  of  monolithic  JA2  grains  that  were  fired  in  a  30-mm  SPETC  gun  has  shown 
evidence  of  augmented  burning.  There  were  also  indications  of  new  surface  area  generation  caused 
by  mechanical  inhomogeneities  within  the  propellant. 

The  monolithic  JA2  grains  were  fired  in  a  test  series1  that  used  various  amounts  of  propellant  and 
an  ignition  source  that  included  a  range  of  plasma-generating  voltage  pulses.  These  firings  showed 
enhanced  performance  (i.e.,  higher  projectile  velocities  than  predicted  with  a  standard  interior 
ballistics  code).  This  extra  performance  was  initially  attributed  to  erosive  burning  that  was  thought 
to  augment  or  enhance  the  burning  rate  of  the  propellant  However,  there  was  evidence  collected 
on  residual  propellant  grains,  recovered  after  the  firings,  that  fracture  and  unusual  burning  patterns 
could  have  contributed  extra  surface  area.  (See  summary  of  section  3.7  on  page  11.)  This  would 
explain  the  enhanced  performance  without  necessarily  increasing  the  burning  rate  of  the  propellant 
by  creating  additional  surface  area,  thereby  accounting  for  the  accelerated  mass  generation  during 
combustion.  To  help  resolve  the  mechanism  responsible  for  the  increased  performance,  the  residual 
grains  (rapidly  extinguished  grains  remaining  after  bullet  exit)  were  delivered  to  ARL  for  morpho¬ 
logical  investigation  using  scanning  electron  microscopy  (SEM).  The  resulting  micrographs  provide 
evidence  of  the  processes  occurring  during  combustion. 

In  this  study,  comparisons  are  made  between  extinguished  grains  from  SPETC  firings  and  extin¬ 
guished  propellant  from  low  pressure  combustion.  Propellantsubject  io  conventional  ignition  sources  are 
also  included  in  this  comparison.  Recommendations  are  made  for  additional  investigation. 

2.  BACKGROUND  DETAILS 

A  series  of  SPETC  firings  had  been  performed  in  a  30-mm  gun  using  monolithic  JA2  charges.1 
Information  pertinent  to  this  study  is  provided  below. 

The  basic  gun  configuration  is  presented  in  Figure  1.  The  monolithic  charges  were  made  of  a 
single  right-circular  cylinder  with  one  center  perforation.  These  grains  were  ignited  with  a  plasma 
pulse  produced  by  various  combinations  of  high  voltage  and  current  duration  applied  to  a  nonener- 
getic  material.  The  plasma  was  introduced  into  the  perforation  by  an  injector  that  intruded  a  short 
way  into  the  base  of  the  grain.  The  charge  consisted  of  either  a  full,  three-quarter,  half,  or  quarter 
grain  with  dimensions  and  mass,  as  listed  in  Table  1. 

The  performance  predictions  for  this  gun  with  the  various  charge  masses  were  produced  using 
IBHVG2  (Interior  Ballistics  of  High  Velocity  Guns  Version  2),  an  interior  ballistic  code.2  By  using 
the  gun  parameters,  such  as  the  charge  weight  and  dimensions,  propellant  thermochemistry ,  chamber 
volume,  barrel  length,  projectile  mass,  etc.,  and  assuming  conventional  combustion  using  estab¬ 
lished  propellant  burning  rates  for  JA2,  the  velocities,  chamber  pressures,  percentage  of  the  charge 
consumed  at  any  time  can  be  predicted.  When  applied  to  untested  conventional  systems,  IBHVG2 
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Propellant 


Table  1.  Monolithic  Propellant  Dimensions 


Figure  1.  Schematic  Diagram  of  the 
30-mm  SPETC  Gun. 


Diameter  =  28. 1  mm 
Web  =  1 1  mm 

Perforation  Diameter  =  6.1  mm 


Charge 

(cm) 

Length 

(mm) 

Mass 

(g) 

Quarter 

46 

45 

Half 

91 

86 

Three-Quarters 

140 

130 

Full 

190 

180 

predictions  are  usually  within  5  %  of  subsequent  experimental  results.3  If  the  code  is  used  on  well- 
known  systems  where  only  the  projectile  mass,  the  charge  weight,  or  a  combination  of  a  few  such 
parameters  is  varied,  the  predictions  are  good  to  within  a  few  percent. 

The  predicted  values  of  peak  pressure  and  projectile  kinetic  energy  are  presented  in  Table  2  for  each 
charge  weight  (Electric  power  curves  were  included  in  these  predictions.)  Also  included  in  the  table  are 
these  measured  values  from  the  30-mm  firings  along  with  the  peak  electric  power  supplied  to  generate  the 
plasma,  and  the  total  electric  energy  delivered  during  the  plasma  generation.  These  values  are  graphically 
illustrated  in  Figures  2  and  3  and  are  included  here  for  reference.  Detailed  discussion  of  these  results  is 
presented  in  Reference  1. 

Many  test  configurations  and  procedure  modifications  were  used  during  this  test  series.  The  initial 
testconfiguiation  produced  evidence  of  enhanced  performance  that  may  have  been  attributable  to  fracture 
caused  by  expansion  of  the  monolithic  charge.  The  experiment  was  modified  to  reduce  tJiis  fracture  by 
adding  a  thin  sleeve  inside  the  center  perforation  (moderator  case).  The  force  of  the  plasma  against  the 
perforation  wall  was  diminished  and  fracture  was  reduced,  but  so  was  the  performance.  Indications  of 
radial  fracture  persisted,  so  an  outside  steel  case  was  introduced  to  eliminate  increased  mass  generation 
caused  by  conventional  fracture.  The  steel  sleeve  stopped  evidence  of  conventional  fracture  and  helped 
elucidate  the  mechanism  responsible  for  the  added  performance.  EBHVG2  was  then  used  in  an  attempt 
to  match  the  SPETC  gun  performance  by  introducing  additional  mechanisms  (erosive  and  ablative)  to 
account  for  the  augmented  pressurization  rates.  The  code  predictions  were  finally  brought  into  fair 
agreement  with  test  results  through  these  assumptions,  but  the  actual  mechanism  of  augmentation,  while 
conjectured,  was  unresolved. 

To  resolve  the  nature  of  the  augmentation  mechanism,  the  morphology  of  the  residual  grains  from  the 
above  test  series  was  investigated  to  uncover  evidence  that  would  indicate  the  process  of  augmentation. 


3.  PROCEDURE  AND  RESULTS 


The  residual  grains  from  the  firing  series  were  received  and  are  indicated  by  shading  in  Table  2. 
All  these  grains  ami  several  virgin  grains  were  thoroughly  inspected.  The  following  descriptions  are  the 
result  of  intensive  investigation  of  more  than  400  micrographs.  All  evidence  for  features  uncovered 
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Table  2.  Maximum  Pressure  and  Veloci  ty  Values  firom  30-mm  SPETC  Firings 


cannot  be  presented.  However,  significant  findings  will  be  illustrated  and  supported  as  much  as 
possible.  All  illustrations  of  general  features  show  specific  results  that  are  typical. 


3.1  Specimen  Preparation.  The  grains  were  fired  and  rapidly  extinguished  because  of  the  pressure 
drop  at  bullet  exit  When  the  gun  pressure  is  reduced  in  this  manner,  the  flame  is  rapidly  expanded 
away  from  the  surface.  The  heating  and  pyrolyzing  of  surface  material  is  very  rapidly  reduced,  and 
combustion  stops.  How  quickly  this  occurs  is  not  exactly  known.  However,  from  previous  studies 
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Plasma  Electric  Energy  (KJ)  Plasma  E,ectric  Ener«'  <W> 

Figure  2.  Plasma  Energy  vs  Projectile  Kinetic  Figure  3.  Plasma  Energy  vs  Projectile  Kinetic 
Energy  for  Early  Firings  Energy  for  Steel  Case  Firings 


with  extinguished  rocket  propellant4  and  more  recent  studies  with  extinguished  gun  propellant,5, 6  the 
process  has  been  shown  to  be  very  rapid  and  the  morphology  of  the  extinguished  surfaces  has  been 
shown  to  provide  information  that  can  be  directly  linked  with  the  surface  structure  during  propellant 
combustion.  Combustion  models  have  been  generated  using  the  uncovered  information  and  it  seems 
likely  that  many  of  the  structural  features  from  the  gun  environment  are  preserved.  The  specimens 
were  received  for  morphological  investigation  as  they  had  been  collected  at  the  gun  site. 

A  major  concern  in  specimen  preparation  is  to  avoid  producing  artifacts  (morphological  features 
caused  by  the  preparation  method)  that  could  be  mistaken  for  intrinsic  features.  All  the  grains  were 
carefully  dusted  to  remove  loose  debris  from  the  surface  and  then  optically  photographed.  After 
careful  planning,  it  was  decided  to  cold-fracture7  each  specimen  along  the  grain  axis  to  reveal  the 
burned  perforation  surface,  the  unbumed  web,  and  the  thermal  transition  region  between.  To  ensure 
controlled  fracture,  it  was  necessary  to  cut  the  longer  specimens  into  2  to  3-cm  sections  by  sawing 
perpendicular  to  the  grain  axis.  Grains  were  then  cold  fractured  after  careful  selection  of  fracture 
initiation  sites.  Schematic  diagrams  of  these 
operations  are  illustrated  in  Figure  4.  The  speci¬ 
mens  were  mounted,  sputter  coated,  and  placed 
within  the  SEM.  Details  of  these  operations  are 
provided  in  Reference  7. 

3.2  Undamaged  JA2.  Figure  3  shows  micro¬ 
graphs  of  the  cold-fractured  surface  of  a  virgin 
grain  prepared  in  the  same  fashion  as  the  extin¬ 
guished  specimens  and  is  presented  as  a  basis  for 
comparison.  Figure  3a  shows  that  the  typical 
JA2  cold-fracture  surface  is  smooth,  indicating 
brittle  fracture.  Some  nitrocellulose  (NC)  is 
observed  because  the  high  nitration  le  vel  ( 1 3 . 1  % ) 
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a.  Fracture  Surface  (-1000X) 


c.  Perforation  Surface  (-200X) 
Figure  5.  Virgin  JA2  Grain 


of  the  NC  prevents  all  the  fiber  from  dissolving  in 
the  plasticizer.  Other  propellants  that  use  lower 
levels  of  nitration  (12.6%)  have  the  NC  com¬ 
pletely  dissolved  and  do  not  show  exposed  fi¬ 
bers.  The  only  other  notable  feature  in  typical 
JA2  propellant  is  the  presence  of  very  small  (0.5 
to  2  (im)  particles  distributed  throughoi’t  the 
propellant.  Their  identity  has  not  been  estab¬ 
lished.  They  could  be  very  fine  carbon  black, 
which  is  an  added  ingredient,  or  they  could  be 
small  particles  of  MgO  that  are  added  as  a  lubri¬ 
cant  to  aid  in  the  extrusion  process.  In  any  case, 
these  small  particles  seem  tc  occur  throughout 
the  material.  The  only  defect  appearing  in  these 
grains  is  shown  in  Figure  5b.  A  series  of  iarge 
(200  to  400  p.m)  voids,  apparently  caused  by 
shearing  during  extrusion,  was  found  very  near 
the  perforation  surface.  These  voids  should 
affect  only  the  very  early  burning  of  the  grain  and 
were  not  believed  to  affect  the  morphology  of  the 
extinguished  specimens.  The  inside  perforation 
surface,  shown  in  Figure  5c,  was  very  smooth 
and  featureless. 

3.3  Residual  Grains  with  No  Case.  In  all 
micrographs  appearing  in  this  report,  unless  oth¬ 
erwise  noted,  the  plasma  was  injected  on  the  right 
and  the  projectile  moved  to  the  left.  The  general 
flow  of  generated  gases  then  was  to  the  left. 
There  were  situations  in  which  the  flow  of  gas 
was  in  other  directions.  These  will  be  noted. 

The  initial  10  firings  were  done  with  no 
supporting  encasement  for  the  grains.  The  grain 
diameter  was  28. 1  mm  and  the  gun  bore  diameter 
was  30  mm.  This  left  about  0.9  mm  of  clearance  • 
between  the  outside  of  the  grain  and  the  inside  of 
the  chamber,  if  the  grain  was  centered.  The 
plasma  entered  the  perforation  at  very  high  tem¬ 
perature  (-104  K)  and  pressure.  This  resulted  in 
rapid  expansion  of  the  grain  to  the  confining 
walls.  At  room  temperature  and  normal  defor¬ 
mation  rates,  JA2  deforms  plastically  within  the 
gun.  However,  it  is  known  that  at  lower  tempera¬ 
tures  or  higher  rates,  the  mechanical  response  of 


JA2  becomes  more  brittle.8  9  At  strain  rates  of 
100  s'1,  brittleness  begins  at  about  -20°  C.  This 
transition  temperature  increases  by  about  12°  C 
for  every  decade  of  rate  increase.  Figure  6  shows 
the  appearance  of  the  residual  grain  from  Shot 
Number  8  and  is  typical  of  the  features  of  the 
caseless  firings.  The  two  exposed  web  surfaces 
are  not  fracture  surfaces.  They  were  combustion 
surfaces  and  were  similar  to  the  surfaces  in  the 
slots  within  the  perforation  and  on  the  cone  £f  the 
left  of  the  picture.  They  were  most  likely  the 
result  of  radial  fractures  that  occurred  upon  ex¬ 
pansion.  The  flame  followed  this  fracture  tip  and 
ignited  the  newly  exposed  surface  soon  after  it 
was  created.  This  accounts  for  some  of  the 

Figure  6.  A  No-Case  Residua)  Grain  (Optical)  6 

The  cone  surface  was  serrated  or  scalloped  as 
a  result  of  an  apparent  scooping  or  other  rapid  burning  process.  To  various  degrees,  this  was  a 
common  feature  of  all  combustion  surfaces.  A  typical  formation  is  shown  in  Figure  7.  The  edge  of 
the  cone  appears  on  the  right  and  the  scalloping  began  on  the  edge  and  continued  to  the  outer  edge 
of  the  grain.  Debris  can  be  seen  on  the  leeward  side  of  the  depressions,  and  small  particles,  which 
seem  to  be  fused  to  the  surface,  were  distributed  uniformly  across  the  surfaces. 

3.4  Residual  Grains  with  Moderator  Case.  It  was  recognized  from  the  appearance  of  the  caseless 
grains  that  fracture  may  have  been  a  problem.1  However,  it  was  also  recognized  that  the  additional 
area  presented  to  the  flame  because  of  cracks  such  as  these  would  have  to  be  much  more  numerous 
to  explain  the  increased  mass  generation  rate.  Therefore,  the  experimental  procedure  was  modified 
by  adding  a  thin  moderator  tube  to  the  inside  perforation  surface.  The  function  of  the  tube  was  to 
moderate  the  plasma  blast  so  that  grain  fracture  was  reduced.  Fracture  was  reduced  at  the  expense 

of  performance,  but  it  was  not  eliminated.  Two 
of  the  three  residual  grains  using  this  modifica¬ 
tion  showed  a  single  slot  similar  to  the  many 
slots  found  in  the  No-Case  configuration.  Fig¬ 
ure  8  shows  a  split  moderator-case  residual  grain. 
The  web  in  the  center  of  the  figure  was  exposed 
by  cold  fracture  after  recovery.  The  web  at  the 
top  and  bottom  of  the  figure  was  bumcd-through 
during  the  firing.  Clearly,  the  case  helped  re¬ 
duce  fracture,  but  as  can  be  seen  from  Figure  2, 
the  performance  was  markedly  reduced.  How¬ 
ever,  the  performance  was  still  greater  than 

Figure  7.  The  Beginning  of  Scalloping,  Predic,ed-  indiauioS imolher 
Fonning  the  Cone  (-50X)  talion  mechamsm  al  WOTk- 
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Figure  9a  is  a  magnified  view  of  the  white 
rectangular  region  shown  in  Figure  8  and  shows 
the  first  evidence  of  what  has  been  termed  “in- 
depth”  burning.  The  significant  aspects  of  this 
micrograph  are  die  depth  of  the  intrusion,  the 
sharp  line  of  demarcation  between  burned  and 
unbumed  regions,  and  the  isolation  of  some 
combustion  zones  (dashed  rectangle).  This  im¬ 
plies  that  a  process  was  active  that  directed  igni¬ 
tion  into  specific  regions.  Figure  9b  shows  a 
much  more  magnified  view  of  9a  (within  the 
white  circle)  that  shows  that  this  boundary  sepa¬ 
ration  is  maintained  even  on  a  small  scale. 


Figure  8.  A  Split  Moderator-Case 
Residual  Grain  (Optical) 


3.5  Residual  Grains  with  Steel  Case.  The  remaining  firings  were  all  conducted  using  a  steel  case 
confinement.  The  case  was  effective  in  eliminating  slots  as  those  observed  previously,  as  long  as  the 
electrical  energy  remained  below  about  30  kJ.  This  is  the  case  for  Shots  21, 24, 25,  and  40.  In  each 
of  those  instances,  it  appears  that  the  case  had  sufficient  strength  to  prevent  radial  fracture.  This  was 
not  the  true  for  shots  41  and  42.  The  elevated  electrical  energies  may  have  produced  conditions  that 
again  caused  the  radial  fracture. 


Many  interesting  features  were  found  in  the  steel  case  grains.  Figure  10a  shows  the  cold-fractured 
residual  grain  from  Shot  21.  This  grain  showed  the  scalloping  and  combustion  surfaces  like  the  other 
grains,  and  erosive  or  ablative  burning  which  is  indicated  by  the  larger  inner  diameter  at  the  plasma 
entrance  (on  the  right)  and  at  the  combustion  product  exit  (on  the  left).  These  regions  contain  gaseous  and 
plasma  mixtures  traveling  at  high  velocity.  The  plasma  is  injected  at  very  high  speeds  and  at  high 
temperature  causing  erosion  of  the  perforation  at  the  entry.  As  combustion  occurs  within  the  perforation, 
the  generated  gasses  flow  to  lower  pressure  regions  behind  the  projectile  base.  This  causes  erosion  at  the 
other  end  of  the  grain  as  the  hot  gasses  exit  at  high  velocity.  This  erosive-ablative  process  contributes  to 
the  mass  generation  augmentation  and  was  a  common  feature  in  all  the  steel  case  firings. 


a.  -  15X  b.  -  400X 

Figure  9.  Cold  Fractured  Web  Surface  from  the  White  Rectangle  of  Figure  8 

Showing  In-Depth  Burning 
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The  grain  in  Figure  10a  showed  another  very  unusual  feature,  a  long  tunnel-like  structure  along  the 
top  of  the  grain  which  extended  more  than  30  mm  from  the  rear.  At  first  it  was  believed  to  be  a  very  long 
void.  Upon  closer  examination,  the  walls  of  the  tunnel  were  found  to  be  combustion  surfaces.  This  was 
puzzling  since  no  voids  observed  in  any  extinguished  grains  before  this  study  had  ever  been  found  with 
combusted  interior  surfaces.  Figure  10b  shows  the  region  in  the  white  rectangle  of  Figure  10a.  It  contains 
the  tip  of  the  tunnel  and  appears  to  have  two  precursor  cracks  in  front  of  the  tunnel.  It  seems  as  if  cracks 
were  formed  by  some  mechanism  (local  high  pressure)  and  then  flame  followed  the  cracks  to  extend  the 
travel.  Thiscould  be  a  mechanism  similar  to  the  radial  cracks  observed  earlier  in  the  no-case  and  modifred- 
case  firings.  In  those  instances,  the  fracture  proceeded  in  the  radial  direction,  and  then  the  high  pressure 
plasma  followed  and  ignited  the  fracture  surface.  Here,  the  crack  followed  an  internal  flaw  in  the  axial 
direction  and  the  plasma  (or  high  pressure  gas)  penetrated  into  the  surface  to  follow  and  provide  impetus 
to  extend  the  fracture.  The  taper  of  the  perforation  indicates  that  the  rear  (right)  portion  ignited  earlier  than 
the  tip  (ieft).  The  steel  case  supported  the  grain  and  prevented  ihe  crack  from  running  to  the  outside.  This 
permitted  the  crack  to  follow  the  internal  flaw  or  inhomogeneity. 

Other  tunnel-like  structures  were  discovered  and  appeared  similar  to  the  one  discussed.  The  tunnel  identified 
in  Figure  10a  as  “Another  Tunnel”  is  shown  in  Figure  1  la.  This  micrograph  shows  the  tip  of  the  tunnel  that  was 
found justentering  the  middle  section  on  the  ‘  ‘floor’  ’  of  the  perforation  (Figure  10a,  white  circle).  The  tunnel  seems 
to  have  broken  the  surface  just  as  the  extinguishment  took  place.  Figure  lib  is  a  magnification  of  the  tip  region 
and  shows  debris  on  the  rim  of  die  intersection  of  the  perforation  and  tunnel  This  debris  appears  in  the  process 
of  being  pushed  out  of  the  tunnel  and  into  the  perforation.  It  is  difficult  to  know  the  time  that  these  features  were 
frozen  in  place,  but  when  they  were,  the  flow  of  gas  was  out  of  the  tunnel.  It  seems  likely  that  combustion  had 
been  occurring  within  the  tunnel  as  in  the  tunnel  discussed  above. 

These  processes  indicate  some  penetration  mechanism  that  caused  combustion  to  occur  beneath  the 
surface,  as  observed  in  Figure  9.  All  residual  grains  were  searched  for  evidence  of  subsurface  burning, 
especially  steel-case  shots  in  which  the  performance  was  very  high  (the  40,  41,  and  42  series).  A 
micrograph  of  the  residual  grain  from  Shot  42  appears  in  Figure  12  and  shows  a  region  of  contrasting 
surfaces.  To  more  fully  understand  the  combustion  surfaces  and  their  morphologies,  a  short  discussion 
of  combustion  surfaces  follows. 


a.  Whole  Split  Grain  (Optical)  a.  Tip  of  Tunnel  (-  40X) 

Figure  10  A  Cold-Fractured  Steel-Case  Residual  Grain 
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a.  »  !5X  b.  =  80X 

Figure  11.  Another  Tunnel  Emerging  into  the  Perforation 
of  the  Residual  Grain  Shown  in  Figure  10 


3.6  Morphology  of  Combustion  Surfaces.  Some  combustion  surfaces  have  already  been  presented. 
Figure  7  shows  an  extinguished  perforation  surface.  At  a  magnification  of  50,  the  surfaces  appear 
smooth.  If  higher  magnifications  are  viewed,  as  in  Figure  13,  the  surfaces  appear  as  the  in-depth 
burned  surfaces  in  Figure  9.  The  same  is  seen  in  Figure  1 1  at  higher  magnifications.  How  these 
surfaces  compare  with  non-SPETC  combusting  JA2  is  shown  in  Figure  14.  These  surfaces  were  the 
result  of  extinguishment  at  low  and  high  pressure.  The  low  pressure  surface  was  a  grain  ignited  at 
atmospheric  pressures  and  extinguished  with  a  chlorofluorocarbon  ;et.  The  high  pressure  surface 
was  extinguished  after  conventional  ignition  in  a  30-mm  gun.  These  surfaces  show  a  smooth  surface 
that  is  probably  the  frozen  melt  surface  of  the  JA2  with  voids  that  are  caused  by  residual 
decomposition  during  the  rapid  cooling.  The  high  pressure  surface  has  much  smaller  voids  as 
expected  and  indicates  that  the  cooling  occurs  at  high  pressure  and  very  rapidly. 


Figure  1 2.  The  Cold-Fractured  Surface  of  the 
Web  of  the  Residual  Grain  from  Shot  42 
Showing  In-Depth  Burning  (=  15X) 
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Figure  13.  Detail  of  Figure  7  Showing 
the  Rough  Surface  Appearance 
at  Higher  Magnification  (~  350X) 


a.  Low  Pressure  (*  350X)  b.  High  Pressure  (=  350X) 

Figure  14.  Extinguished  JA2  Surfaces 

These  features  are  in  contrast  to  the  combustion  surfaces  mentioned  for  Figures  9, 11,  and  1 3.  'Die 
rough  appearance  at  the  corresponding  magnifications  indicates  very  little  melting.  An  ablating  or  micro¬ 
deconsolidation  process  would  account  for  the  appearance  of  these  exterior  combustion  surfaces . 

3.7  In-Depth  Burning.  Using  the  previous  section  as  background,  the  in-depth  burning  evidence 
can  be  more  meaningfully  discussed.  The  cold-fracture  surface  presented  in  Figure  5a  was  unbumed 
and  shows  the  intrinsic  morphology  of  a  fracture  surface.  The  surface  in  Figure  15  is  a  detail  from 
Figure  12,  a  mid-web  fracture  surface.  It  was  smooth  and  the  voids  were  small.  Surfaces  such  as 
these  were  found  in  the  cold-fractured  webs  of  all  shots  in  the  40  series.  Taken  all  together,  the 
previous  information  indicated  subsurface  or  in-depth  combustion.  To  confirm  that  combustion  had 
taken  place,  each  surface  where  the  morphology  suggested  decomposition  was  scanned  with  surface 
microreflectance  FTIR.10  Typical  spectra  are  presented  in  Figure  16.  The  top  line  is  the  spectrum 
of  an  NC  standard  film  and  shows  two  characteristic  (  stretching)  peaks,  NO,  at  1650  cm  1  and  C-0 
at  1270  cm"1.  The  second  line  is  web  material  from  a  virgin  JA2  monolithic  grain  that  was  cold- 
fractured  and  shows  that  the  surface  was  mostly  NC.  The  third  line  is  the  spectrum  taken  from  an 
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Figure  15.  Detail  of  Figure  12  showing  Figure  16.  Surface  Microreflectance  FTIR 

Evidence  of  In-Depth  Burning  (=  1000X)  Spectra  Identifying  Subsurface  Decomposition 
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exposed  extinguished  surface.  Decomposition  is  indicated  by  the  broadened  peak  near  1650  cm'1, 
the  new  peaks  at  1720  (C=0),  1?80,  and  1330  (C-H)  cm'1,  and  the  disappearance  of  the  peak  at  about 
1270  cm'1.  The  broadening  and  the  appearance  of  new  peaks  is  consistent  with  the  indicated  bonds 
from  carbonyl  and  aldehyde  groups,  which  form  during  decomposition  of  NC.  The  last  spectrum  is 
the  web  area  from  the  grain  shown  in  Figure  12.  The  region  from  which  this  surface  was  taken  was 
very  far  from  the  combustion  surface.  Although  the  surface  was  not  as  strongly  degraded  as  the 
exposed  combustion  surface,  this  spectrum  clearly  shows  signs  of  significant  combustion.  In-depth 
burning  has  been  confirmed. 

Among  the  more  than  400  micrographs  taken,  many  showed  evidence  of  unusual  combustion. 
There  was  evidence  of  erosive  burning  in  regions  of  expected  high-velocity  gas  flow,  as  indicated 
by  the  formation  of  cones  from  the  center  perforation  in  many  of  the  residual  grains.  In  other  cases, 
channels  were  formed  within  the  grain  web  as  the  high  pressure  gases  and  plasma  made  their  way 
to  lower  pressure  regions  within  the  chamber  (Figure  17a).  Paths  were  also  discovered  to  the  outside 
of  the  grain  around  retaining  hardware  and  other  fixtures  (the  plasma  injector  in  Figure  17b).  The 
arrows  in  Figure  17  indicate  the  apparent  paths  taken  by  the  gases  to  the  outside.  It  seems  as  if  there 
is  evidence  of  new  methods  of  gas  generation,  tunneling,  and  erosive  burning,  which  directly,  and 
indirectly,  add  to  the  generation  of  propelling  gases.  Indirectly,  because  the  tunneling  feature  creates 
new  area  that  continues  to  bum.  In  all  areas  directly  exposed  to  the  plasma,  the  ablative  burning 
described  earlier  was  evident.  In  regions  sheltered  from  direct  plasma  exposure,  evidence  of  burning 
similar  to  what  was  considered  normal  was  found.  These  new  burning  processes,  if  exploited 
properly,  may  provide  methods  to  improve  gun  performance. 

3. 8  The  Melt  Layer.  The  melt  layer  is  the  transition  region  observed  in  all  extinguished  propellant 
specimens  preceding  this  study.6  The  layer  begins  at  the  combustion  surface  and  extends  toward  the 
interior.  It  is  characterized  by  a  frozen  appearance  in  which  there  is  intimate  contact  between 
propellant  components,  and  binder-filler  interfaces  are  much  less  distinct  as  a  result  of  partial 
melting.  The  layer  extends  from  the  surface  to  some  depth  where  the  propellant  morphology 
becomes  indistinguishable  from  its  initial  state.  This  transition  is  sometimes  very  abrupt  and 


a.  Microtunneling  and  Erosive  Flow  («  200X)  b.  Erosive  Flow  around  Plasma  Injector  (*»  60X) 
Figure  17.  Micrographs  Showing  Evidence  of  Unusual  Burning 
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a.  Extinguished  at  140  MPa  Conventional  Ignition  b.  Extinguished  at  95  MPa,  SPETC  Ignition 
(=800X)  (=800X) 

Figure  18.  Thermal  Layers  for  JA2  Propellant 


sometimes  more  gradual.  In  most  propellant  melt  layers  studied  by  the  authors,  the  thickness  ranges 
between  15  and  40  pm.  The  melt  layer  is  caused  by  heating  during  combustion  that  melts  and 
pyrolyzes  the  surface.  The  depth  of  the  layer  is  affected  mostly  by  the  burning  rate.  Higher  burning 
rate  propellants  have  thinner  melt  layers,  as  expected  because  of  the  shorter  exposure  time  the  surface 
has  for  thermal  diffusion.  This  means  that  propellants  with  higher  intrinsic  burning  rates  have 
generally  thinner  thermal  layers.  Also,  as  pressure  increases  during  combustion,  the  melt  layer 
becomes  thinner,  mostly  caused  by  higher  burning  rates  at  higher  pressures. 

JA2  burning  rates  are  higher  than  those  measured  in  most  other  gun  propellants.3  Therefore, 
thinner  melt  layers  are  expected.  Figure  1 8a  shows  the  thermal  layer  of  JA2  propellant,  ignited  with 
a  conventional  ignition  system  in  a  30-mm  gun.1 1  The  residual  propellant  was  extinguished  after  a 
maximum  pressure  of  140  MPa.  The  thickness  of  the  melt  layer  in  this  specimen  lies  between  22  and 

40  pm  (as  indicated  by  the  lines).  This  thickness 
was  a  little  greater  than  expected,  but  the  gun 
pressures  were  low.  JA2  grains  fired  in  large 
caliber  guns  at  higher  pressures  would  be  ex¬ 
pected  to  have  thinner  melt  layers.  The  micro¬ 
graph  in  Figure  18b  is  of  an  SPETC  monolithic- 
grain  Fired  in  this  series  and  extinguished  after  a 
maximum  pressure  of  95  MPa.  It  appears  as  if 
there  was  no  melt  layer  at  all.  All  features  are 
sharp  with  distinct  interface  boundaries  all  the 
way  from  mid-web  to  the  combustion  surface, 
and  none  of  the  flowing  appearances  usually 
present  in  melt  layers  is  seen.  However,  in  the 
series  of  micrographs  that  led  to  Figure  18b.  a 
150-pm  band  extending  from  the  surface  was 
seen.  This  region  is  shown  in  Figure  1 9.  (The 
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Figure  19.  Expanded  View  of  Figure  18b 
Showing  the  150  pm  Dark  Band  (=200X) 


white  rectangle  indicates  the  location  of  Figure  18b.)  The  process  that  produced  the  band  formation 
has  not  been  determined,  but  it  was  clearly  a  different  process  from  what  was  observed  in 
extinguished  propellants  that  have  undergone  normal  ignition.  Severely  erosive  or  ablative  burning 
is  indicated  in  the  SPETC  firings.  Further  study  is  required  to  confirm  the  mechanism  responsible 
for  these  features. 

4.  ANALYSIS  AND  SPECULATIONS 

Evidence  cited  demonstrates  that  processes  occurred  in  these  30-mm  SPETC  gun  firings  that  do 
not  occur  at  significant  levels  during  conventional  propellant  combustion.  Efforts  to  determine  the 
effect  of  plasma  on  the  closed  bomb  burning  rate  have  been  inconclusive  because  of  questions 
concerning  the  physical  interaction  of  the  plasma  and  propellant.  Some  studies  indicate  that  there 
is  no  augmentation  of  the  burning  rates,1  and  other  studies,  currently  under  way,  indicate  signifi¬ 
cantly  augmented  mass  generation.12  From  the  results  presented  here  it  seems  that  the  mechanisms 
that  augment  mass  generation  have  a  greater  or  lesser  likelihood  depending  on  the  initial  and  ensuing 
conditions  within  the  gun.  Stated  another  way,  the  nature  of  interactions  that  occur  between  the 
plasma  and  the  propellant  is  a  strong  function  of  the  initial  system  configuration.  From  the  no-case 
firings,  it  can  be  concluded  that  radial  cracking  can  be  induced,  causing  additional  surface  area.  The 
introduction  of  moderator  and  steel  cases  reduced  radial  cracking  and  reinforced  the  confinement 
within  the  perforation.  The  increased  confinement  may  have  “turned  on”  or  better  enabled  other 
processes  that  amplify  the  mass  generation  rate.  This  is  indicated  in  Figures  2  and  3  by  the  step 
increases  in  performance  at  30-kJ  plasma  energy. 

The  observation  of  the  perforation-like  structures  causes  the  mind  to  speculate  about  how  they 
initiate  and  how  they  evolve.  Perhaps  the  micro-tunneling,  which  seems  to  have  fostered  the  in-depth 
combustion  process,  may  have  encountered  a  physical  inhomogeneity  that  directed  and  enlarged  a 
crack  along  a  fault  line  or  plane.  As  the  crack  proceeded  at  high  speed,  ignition  followed  as  the  hot, 
high  pressure  gases  rushed  into  the  expanded  volume.  These  proposed  processes  offer  an  explanation 
for  the  appearance  of  the  several,  very  long,  perforation-like  tunnels.  They  also  offer  the  possibility 
of  directing  the  creation  of  perforation  area  through  the  introduction  of  intentional  mechanical 
disturbances.  Then,  as  the  igniting  plasma  is  injected,  its  energy  could  be  tailored  to  make  available 
surface  area  according  to  the  pressure  profile  desired.  Properly  executed,  this  would  provide 
optimum  firing  conditions  over  a  wide  range  of  applications.  This  could  be  done  by  using  a  specially 
made  monolithic  grain  that  would  have  incorporated  within  it  mechanical  stress  flaws  that  provide 
programmed  surface  area  upon  demand.  The  term  “virtual  perforation"  seems  a  proper  descriptor 
for  such  a  structure,  since  initially  the  perforation  occupies  no  volume.  The  plasma  may,  under  the 
proper  conditions,  interact  with  the  virtual  perforation  and  activate  it  to  function  as  a  perforation  in 
a  conventional  multiperforated  grain.  This  capability  could  provide  significant  advantages  in  several 
ways:  by  allowing  multiple  zoning  from  a  single  charge;  by  allowing  several  different  types  of 
projectiles  to  be  used  with  the  same  charge;  and  by  allowing  the  gun  to  always  operate  near  its 
maximum  permissible  pressure,  thereby  reducing  the  weight  of  the  gun  for  specific  performance 
requirements. 

Scallop  formation  was  initially  thought  to  be  the  result  of  die  highly  turbulent  conditions  that 
caused  local  erosive  burning  to  carve  a  local  depression.  The  discovery  of  in-depth  burning  adds 
another  possible  mechanism.  Hie  sharp  line  of  demarcation  between  combusted  and  noncombusted 
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regions  shown  in  Figure  9a  provides  evidence  for  another  process.  If  this  subsurface  decomposition 
shown  in  that  figure  continues  and  spreads  until  deconsolidation  of  the  combustion  volume  occurs,  the 
remaining  depression  that  is  formed  is  similar  in  shape  to  the  scallops  observed  in  all  residual  grains. 

Finally,  the  observance  of  no  conventional  thermal  layer  in  some  combustion  surfaces  (illus¬ 
trated  in  Figure  18b)  adds  evidence  for  augmented  mass  generation  by  erosive  burning  or  a  similar 
micro-deconsolidation  mechanism  discussed  previously.  The  dark  band  associated  with  this 
observation  may  be  an  indicator  of  some  other  process  and  warrants  further  investigation.  Again, 
if  such  processes  can  be  controlled,  they  can  be  used  to  control  performance  as  the  situation  requires. 

5.  CONCLUSIONS 

Evidence  has  been  presented  that  indicates  combustion  processes  in  the  30-mm  SPETC  gun  that 
do  not  occur  to  any  significant  degree  in  guns  using  conventional  ignition  systems.  These  processes 
include  erosive  burning,  micro-deconsolidation,  and  in-depth  combustion.  Each  process  augments 
the  mass  generation  rate  of  the  propellant  when  compared  to  the  rate  expected  from  conventional 
external  surface  combustion. 

The  relative  amount  of  augmented  burning  between  erosive  and  tunneling  mechanisms  is  likely 
to  vary  widely  from  grain  to  grain;  the  erosive  component  being  determined  by  the  plasma-forming 
parameters  and  the  mechanical  interaction  of  the  plasma  and  the  propellant  surface.  This  should 
produce  a  repeatable  and  predictable  augmentation  to  the  normal  burning.  The  tunneling  process, 
as  it  is  now  perceived,  is  also  dependent  on  the  plasma  formation  parameters,  but  is  strongly 
controlled  by  the  extent  and  nature  of  mechanical  inhomogeneities.  If  the  grain  has  few  flaws,  then 
little  area  will  be  generated  from  this  mode  of  plasma  interaction.  If  many  flaws  exist,  much  more 
area  can  be  created.  Since  JA2  is  a  thermoplastic,  the  production  process  includes  an  annealing  cycle 
to  relieve  thermal  stresses  and  promote  material  homogeneity.  It  seems  as  if  the  mass  generation 
could  be  greatly  enhanced  by  the  proper  placement  of  well  designed  virtual  perforations. 

Evidence  is  presented  that  demonstrates  the  nature  of  new  surface  area  generation  as  a  strong 
function  of  initial  level  of  plasma-propellant  interaction.  Radial  cracking,  observed  in  early  firings, 
was  reduced  by  increasing  circumferential  confinement  in  the  monolithic  grains,  while  the  degree 
of  in-depth  combustion  increased  with  additional  confinement.  Tunneling,  the  mechanism  through 
which  virtual  perforations  may  be  used  to  produce  controlled  combustion  surfaces,  showed 
indications  of  control  through  the  intentional  introduction  of  mechanical  inhomogeneities.  This 
mechanism  offers  the  possibility  of  a  new  process  that  could  significantly  augment  mass  generation 
and  be  of  immense  value  if  control  can  be  demonstrated. 

6.  FUTURE  STUDIES 

More  study  is  needed  to  characterize  the  SPETC  combustion  mechanisms  and  the  methods  to  control 
them.  Theongoingclosedbombwork12needstobecompleted.  Once  the  measurement  methods  are  more 
well  understood,  experiments  to  control  the  augmentation  of  mass  generation  should  be  performed  using 
propellant  with  carefully  introduced  mechanical  inhomogeneities.  If  a  surface  area  profile  can  be 
produced  that  is  a  function  of  the  electrical  plasma  generation  parameters,  then  this  method  can  be 
exploited  to  increase  performance,  reduce  the  number  of  required  propelling  charges,  expand  the  gun’s 
capability,  and  operate  the  weapon  system  near  the  optimal  pressure  at  all  times. 
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